2 1 Many livestock and human vaccines are leaky as they block symptoms but do not 2 2 0 *
Vaccination is routinely used as an efficient and economical way to control the spread and 3 7 symptoms of infectious diseases in humans and livestock. Vaccines vary in their protective 3 8
properties 1,2 , and while some completely block infection, others only prevent disease 3 9 symptoms but not infection or onward transmission. The latter are termed 'leaky' or 4 0 'imperfect' vaccines. Leaky vaccines are commonly used to prevent or alleviate disease 4 1 symptoms in livestock, and are becoming more prevalent among human vaccines 3 . Leakiness 4 2 allows pathogen populations to persist even at high levels of vaccination coverage 4 , and 4 3 reduced mortality of vaccinated individuals can lengthen their infectious period and hence 4 4 promote the evolution of increased pathogen virulence 5 . A better understanding of the overall 4 5
impacts on populations of vaccination with leaky vaccines is therefore urgently needed. 4 6 4 7
The underlying hypothesis in this paper is that vaccination, even with leaky vaccines, not 4 8
only has direct positive effects on vaccinated individuals, but also indirect positive effects on 4 9
individuals in the same contact group. Often only a fraction of a population receives the 5 0 direct benefits of vaccination, due to incomplete coverage and heterogeneity in vaccine 5 1 responses [15] [16] [17] . However, vaccination even with a leaky vaccine often reduces pathogen load 5 2 in infected individuals [5] [6] [7] [8] [9] [10] [11] [12] , with potential consequent reduction in the exposure dose of 5 3 susceptible individuals. Transmission experiments, in which infected 'shedders' are placed in 5 4 contact with uninfected 'contact' individuals and transmission recorded, have revealed that 5 5 lower shedder pathogen load reduces transmission in some cases 5,13-14 , but not all 10 . Measures 5 6
of vaccine effectiveness can include these indirect benefits for unvaccinated individuals, 5 7
through dose-dependent reduction in transmission rates from infected vaccinated 5 8 individuals 18 . However, beyond transmission effects, lower exposure dose can also decrease 5 9 1 1 1 Mortality rates were also much lower among infected contacts exposed to vaccinated 2 0 9 shedders (Fig 3) , with those exposed to sham-vaccinated shedders being 6 times more likely 2 1 0 to die per unit time (95% C. I. 3.9, 8.4; Table 1 ). Controlling for vaccination effects, contacts 2 1 1 exposed to shedders at 20 DPI were almost twice as likely to die as those exposed to shedders 2 1 2 at 13 DPI (95% C. I. 1.3, 2.1; z = 3.6, p < 0.0005). Among contacts positive for disease symptoms at necropsy, shedder vaccination led to 2 2 1 significantly lower disease severity (number of tissues with tumours, and enlargement of 3 2 2 2 peripheral nerves; see Fig 2b) for all individual symptoms except vagal nerve enlargement 2 2 3 (Table 1) . There was no evidence for an increase in contact bird disease severity between 2 2 4
shedder DPI 13 and 20 for either vagus nerve (mixed-model ordinal logistic regression: z = -2 2 5 0.1, p = 0.89) or tumours (z = 1.2, p = 0.21), but marginal evidence for greater brachial nerve 2 2 6 enlargement (z = 1.9, p = 0.06) and a significant increase in sciatic nerve enlargement (z = 2 2 7 3.1, p < 0.005) associated with the later exposure time. Regardless of the shedder vaccination 2 2 8 status and exposure time, disease severity was significantly higher in contact females than 2 2 9 males for all symptoms (Fig 2b; Table S1 ). Next, we tested the extent to which shedder vaccination status also influenced contact FVL as 2 3 2 an indicator of the infectiousness of contact birds, which has potentially important knock-on 2 3 3 effects for epidemiological dynamics. Infectiousness is likely to be determined by the amount 2 3 4 of virus shed into the environment. Across all individuals, contact bird FVL at 14 DPC was 2 3 5 much higher when exposed to sham-vaccinated than vaccinated shedders (Table 1 , Fig 4) . 2 3 6
Contact FVL was also higher when exposed to shedders at 20 DPI than 13 DPI (mixed-model 2 3 7 linear regression: t = 4.9, p < 0.0001). In summary, contact birds exposed to vaccinated shedders still became infected, but were 2 4 7
considerably less likely to develop disease, experienced milder symptoms and lower 2 4 8 mortality, and had lower feather viral loads. Including shedder FVL in a model alongside vaccination status reduced, but did not always 2 7 4
remove, the significance of vaccination status for all contact bird disease variables ( Table  2 7 5 S1). This indicated that shedder FVL at least partially explained the impacts of shedder 2 7 6 vaccination on infected contacts. However, the further addition of contact FVL and sum of 2 7 7 contact groupmate FVL (the latter to account for possible among-contact infection during the 2 7 8
8-week experimental period) as predictors fully explained the effects of shedder vaccination 2 7 9
on contact disease and survival, rendering shedder vaccination status non-significant in all 2 8 0 models ( Fig 5) . The results imply that shedder vaccination effects on contacts are fully 2 8 1 mediated by FVL of shedders and infected contacts. One of the key findings of this study was that shedder vaccination effects on MD symptom 3 1 4
prevalence and subsequent mortality within each contact group were fully explained by the 3 1 5
cumulative FVL of all infected group members, measured at a relatively early stage of the 3 1 6 epidemic, prior to onset of contact-contact transmission. This would suggest that contacts 3 1 7
exposed to vaccinated shedders experienced overall lower cumulative exposure dose, 3 1 8
including from other infected contacts, over the course of 8 weeks, resulting in milder 3 1 9
symptoms and lower mortality. This negative feedback on the environmental pathogen 3 2 0 burden strongly advocates the application of MD intervention strategies that reduce either 3 2 1
within-host or environmental virus load, even if only moderately 41 . In general, depending on 3 2 2 the relationship between exposure dose and subsequent within-host replication in any 3 2 3 particular system, targeting reduction in pathogen load in intervention strategies may have 3 2 4
greater positive knock-on effects than currently assumed. 3 2 5 3 2 6
Increased disease severity with higher virus inoculation dose has been shown previously for 3 2 7
MD in chickens 27,30 , but not with natural transmission and not linked to interventions such as 3 2 8
vaccination. The route of infection is known to alter the extent of infection and number of 3 2 9
diseased tissues 42 , hence it is important to mimic the field situation closely in order to 3 3 0
accurately predict the outcome of vaccination and other intervention strategies in this and 3 3 1 other systems. It is also important to measure pathogen load specifically in the infectious 3 3 2 tissues where possible, or to measure shedding directly, as tissues may differ in the strength about these potential 'downstream' effects of vaccination, and the majority of 3 4 0 epidemiological models that predict the consequences of vaccination on disease spread and 3 4 1 pathogen evolution assume that these don't exist 3, 44 With the increasing development of leaky vaccines for treatment of human as well as 3 9 0 livestock infectious diseases 3 , there is great benefit in improving prediction of their 3 9 1 consequences for host welfare, pathogen dynamics and virulence evolution. The currently 3 9 2 neglected downstream, post-transmission effects that were revealed in this study are likely to 3 9 3 impact all of these important facets of infectious disease biology, and hence disease 3 9 4 management strategies. They therefore merit greater attention in future vaccine-related 3 9 5 studies. shedder birds of the same vaccination treatment (HVT or PBS) to be placed in contact with 4 1 7 15 unvaccinated, uninfected contacts (Fig 1) . The 3 shedders were placed with the first group 4 1 8 of 15 uninfected contacts at 13 DPI for 48 hours, before being removed back to their isolator 4 1 9
at 15 DPI. They were then placed with a second group of 15 contacts at 20 DPI until 22 DPI. 4 2 0
Contact chicks were hatched weekly so that all contact birds were within 4 days of age when 4 2 1
shedders were first introduced. There were 16 replicates consisting of paired lots of shedder 4 2 2 birds (one lot with 3 vaccinated shedders put into contact with 15 contacts at the two time 2 4
replicates. These additional replicates were carried out due to early death of 2 sham-4 2 5 vaccinated shedders involved in the earlier replicates. 4 2 6 4 2 7
Shedders were then monitored until 8 weeks post-infection and contacts until 8 weeks post-4 2 8
contact, and mortality (death or euthanasia) recorded. Necropsy was carried out at 8 weeks or 4 2 9 upon death, whichever was the sooner, to determine the presence and severity of MD linear and generalized linear mixed models in R 3.6.0 59 , depending on the type of the 4 5 3 response variable (Table 3) . Regression analyses followed the logic of process analysis 63 to 4 5 4
assess the role of pathogen load in mediating shedder vaccination effects on contacts, details 4 5 5
below. Non-metric multidimensional scaling for Fig 2b was We began the mediation analysis by testing whether shedder FVL explained a similar amount 4 8 8
of contact bird disease variation as shedder vaccination status, by replacing shedder 9 8 formula as described in the first step, above, while replicate and shedder individual were 4 9 9
included as random effects, the latter to account for repeated measures. 5 0 0 5 0 1
The values for contact FVL at 14 DPC were calculated as log 10 (contact FVL + 1e-5) for each 5 0 2
individual. The contact groupmate FVL variable was the sum of FVL at 14 DPC of all 15 5 0 3 contacts in a group, minus the value for the focal individual. This variable was also analysed 5 0 4
as log 10 (groupmate FVL + 1e-5). For shedder FVL as a predictor, we calculated 5 0 5 log 10 (sum(shedder FVL + 1e-5)) across the 3 shedders, from feather samples collected at the 5 0 6
start of the contact period with each group of 15 contacts (13 and 20 DPI). 5 0 7 5 0 8
Third and finally, we tested whether shedder vaccination status exerted any effect on contact 5 0 9
disease variables when controlling for mediating effects (shedder, contact, and contact 5 1 0 groupmate FVL). If shedder vaccination status were to be rendered non-significant when 5 1 1 tested alongside FVL variables, this would support the hypothesis that shedder vaccination 5 1 2 impacts on contact disease were fully mediated by their effects on FVL. We first added 5 1 3
shedder FVL alone to the basic model described in step 1, above, to test whether this variable 5 1 4
was an effective bioindicator of shedder vaccination effects in secondary cases (infected 5 1 5 contacts). We then further added contact and groupmate FVL to the model. Same-individual 5 1 6 viral load is expected to be the strongest indicator of disease status, and so we expected 5 1 7
shedder vaccination status and shedder and groupmate FVL to become non-significant in this 5 1 8 model. The datasets generated and analysed during the current study are available in the Edinburgh 5 2 2
DataShare repository, https://doi.org/10.7488/ds/2598. 5 2 3 5 2 4
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